1 . .? #.. . . . show experimentally that disturbances in an incompressible stratified medium ! under the influence of gravity propagate along characteristic rays. Lamb (1909) t treated a compressible, adiabatic, ideal gas whose density is stratified by gravity. Since the early contributions by Burnside, Love, and Lamb, there have been many theoretical papers on various types of gravity waves. Reasonably up-to-date treatments of the subject may be found in Eckart (1900) and Yih (1905) . However, gravity wave theory Is currently undergoing an active phase of development and contributions are being added to the literature at a rapid rate. A recent addition is the boot" by Tolstoy (1973) .
The present paper treats several series of rocket soundings of atmospheric temperature, density, and wind structure. Eq.
(1) may also be written in the form;
It is obvious from Eq. la that density is determined if stagnation pressure, static pressure, and velocity are measured. The addition of compressibility makes the analysis somewhat more involved without affecting the basic principle presented above. The pitot technique is described in detail by Horvath et. al (1962) .
For the grenade experiment, a series of grenades are explodrd in the atmosphere. The position and time of the explosion is determined and the time, andthe direction of arrival of thespherical soundpulse aremeasured by aground based microphone array. This information is used to deduce the mean temperature and horizontal wind speed in atmospheric slabs whose thickness varies between 2 km and 4 km depending on the particular grenade payload used.
(Nordberg and Smith, 1964) Essentially, the pitot technique provides a high vertical resolution (0.5 km) direct measurement of atmospheric density, while the grenade technique gives a direct measure of atmospheric temperature and horizontal wind with a 2-4 km vertical resolution. For both techniques, the time to make the atmospheric traverse is approximately one minute, resulting in a virtually instantaneous picture of the vertical structure.
EXPERIMENTAL PROCEDURE
The experimental data consist of three series of rocket soundings which were conducted from high latitude sites during winter. In the first series, four pitot soundings were launched during a thirteen hour period from Ft. Churchill, Canada (59 0 N) spanningJi. , nuary 31 and February 1, 1907 (see Table 1 ), The data have been published by Smith, et al (1909) .
The second series consisted of three soundings carried out during a three hour period on January 13-14, 1970 from Churchill (Smith, ot. al . , 1972) The first sounding was made with Clio acoustic grenade technique to measure the temperature and wind profiles in the 35-90 lcm region; the second sounding was a pitot probe launched 88 minutes later to measure the density profile; and the last sounding employed the acoustic grenade technique 104 minutes after the pitot sounding. Thus two temperature and wind profiles and one density profile were obtained independently to permit examination of the thermodynamic structure, the wind structure, and the interdependence of each in the mesosphere.
The third series of soundings was conducted from Point Barrow, Alaska (710N) on December 0, 1971 (Smith et. al. , 1974) . This series consisted of five soundings, of which the first two and last two were pitot-grenade pairs.
The remaining sounding was performed with a pitot probe. The objective of 3 launching such pairs was to obtain high vertical resolution thermodynamic structure (pitot) and wind information (grenade) simultaneously. The series commenced at 0300 GMT with a pilot probe, which was followed by a grenade at 0302 GMT. These profiles were flown over essentially the same trajectory only two minutes apart. The remai ning soundings, a pitot at 0442 GMT, a pitot at 0762 GMT, and a grenade at 0802 GMT completed the series.
OUTLINE OF GRAVITY WAVE THEORY
Consider a series of layers of fluid, each lighter than the one below, as shown in figure 1 . A surface. wave in the lowest layer will transmit a disturbance to the layer above it, which in turn will transmit the disturbance to the layer above it, etc. Now let the density difference between layers and the layer thickness both approach small values a and 6, respectively. In the limit, as a and E approach zero, we have internal gravity waves. The soundings dascribed above have taken samples vertically through the layers. Since atmospheric gradients are usually gentle, the ray approximation for vertical wave propagation was used. Volland (1969a) has shown that the ray treatment is a sufficient approximation for gravity waves propagating obliquely upwards, provided the horizontal wave number is in the order of, or greater than w/a, where a is the sound speed, and w is the circular frequency of the v..ve, 1. o. Icx a , or (w/a)/Icx 61. Reference to eq. 5 shows that the last mentioned inequality may be written as V px/a 6 1. Thus the ratio of horizontal phase velocity to sound speed must be less than one.
The above ratio, called VPXA, is plotted in Figure 2 . We see that it is relatively insensitive to temperature and wave period, but varies linearly with vertical wave length. For vertical wave lengths less than 15 lcm, VPXA Is generally less than 0.2. Thus, the condition for use of the ray approximation is well satisfied.
The next problem which comes to mind is how to take account of background wind. The frequency of a moving fluid particle, or the 'intrinsic frequency' may be defined as
where It is wave number U is wind velocity co is wave frequency in a quiescent atmosphere
The above value of intrinsic frequency may be substituted into equations describing gravity wave propagation in a quiescent atmosphere, and a solution outained. Jones (1969) discusses the conditions under which the above procedure is valid. Basically, the following assumptions must be satisfied:
1. Vertical and horizontal derivatives of vertical winds must be less than (NZ -521 )0, where N is the Brunt-Vaisala frequency.
2. 1-lorizontal derivatives of horizontal winds must be smaller than 52.
3. Time dl .ivatives of horizontal winds must be much smaller than ( 52/ p ) x (NZ -n') 1/2, where A = NZ/g.
4.
Time derivatives of vertical winds are much smaller than g, the acceleration due to gravity.
6 r y "
Derivatives of winds are not generally known, but we can examine the range which is permitted by the above conditions. Condition 11411 places a limit of 9.8 m sec -2 to accelerations in vertical motion. Vertical winds generated by gravity waves are generally less than 10 m see-i . The fre- VII , 50 m sec -t ; t ^-10, 000 sec; dX -500 km
One can then estimate synoptic time and space derivatives to be 10-3 m sec -1, and 10-4 sec 1 . In the Above case, eq. (8) requires ( St/N) to be greater than 0. 001 and eq. (9) requires n to he greater than 10 -4 see-i.
ANALYSIS OF DATA Table 1 shows the schedule of the four launches in the first series.
The times between launches are, respectively, 0h21m, 2h48m, and 3h32m.
Temperature profiles from all soundings in each series were averaged and a smooth curve (or a series of smooth curves) drawn through the points. A hydro *tatically determined atmosphere based on the average measured:temperature profile was computed. The average temperature profile for the first set of data is given in Figure 3 . Av^:rage background atmospheres were calculated in a similar manner for the second and third sets of experimental
The pitot probe technique provides a measurement of the atmospheric density profile by relating the density to the measured rain pressure using appropriate aerodynamic theory, while the acoustic grenade technique provides a measurement of the atmospheric temperature profile by relating the temperature to the measured speed of sound using gas kinetic theory. The hydrostatic equation and the equation of state are used to obtain the remaining two thermodynamic parameters in each technique. Such an approach assumes that vertical accelerations in the atmospheric motions are negligible relative to the acceleration due to gravity, and is valid for mean atmosphere calculations. Smith, et al (1908) compared the results of grenade soundings and pitot probe soundings at Wallops Island, Va. They found temperature agreement to be better than 3 0K below 00 Inn and better than 5 0IC between 00 and 90 km altitude.
Thus hydrostatic equilibrium was valid under the generally undisturbed conditions of Wallops Island, confirming the validity of the hydrostatic approximation for background atmosphere calculations.
For the first test series, the ratio of the density measured by the pitot probe to the hydrostatically computed density (based on the average temperature profile) was plotted as a function of altitude for each probe. The density variations are shown in Figure 4 . The second and third soundings show a density minimum at around 110 km. This is most pronounced for the second sounding.
The pronounced density drop, associated with a pronounced temperature rise, is quite probably due to an auroral event. The structure below 100 km contains vnrious features which could conceivably be traced from cne sample to the next, but this typo of exercise will be left to the interested reader. Rather, the authors matched the experimental curves to results obtained from gravity wave theory.
Our program was adapted from one used by Volland (1909 a, b) . between 2 km and 17 km are represented, with a primary peak around 14 km, and a secondary peak around 9 kin. The auto correlation function for the second sounding shows awavelength of 2 x 7 km, and for the fourth, a wavelength of 2 x9 km, I. e. 14 km and 18 km, respectively, for the dominant sinusoidal component. Figure 7 shows representative gravity waves propagating in a sinusoidal wind field, and in a quiescent atmosphere. The regular sinusoidal pattern present
In the quiescent atmosphere density deviation with altitude is dramatically altered by the introduction of a regularly varying background wind. Thus in the real atmosphere, it is expected that the regular patterns superimposed on the thermodynamic structure by internal gravity waves will not be obvious.
The interactions between propagating waves and varying background conditions are exceedingly complex and cannot be separated readily without a priori knowledge of the conditions.
In the second test series, an attempt to Identify propagating internal gravity waves in the mesosphere was made by sounding the region with three instrumented rockets on January 13-14, 1970, from Churchill, Canada with the acoustic grenade technique 104 minutes after the pitot sounding (0135 GMT). Thus, two temperature and wind profiles, and one density profile were obtained independently to permit an examination of the thermodynamic structure, the wind structure, and the interdependence of each in the mesosphere. For descriptions of the experiment, see Smith, at. al. (1972) .
An average atmosphere was calculated based on the three soundings, and the differences of the pitot -'ata from the mean were computed (these are referred to as perturbations). The observed perturbations are shown as the solid curves in Figure 8 and are seen to give a pattern characteristic of intornal gravity waves in a stratified, compressible fluid. Recall that the experimental density is measured directly, while the pressure is a del ived quantity. In Figure 8 , the period of the calculated gravity wave was 20 minutes, and the horizontal wavelength was 00 km. Figure 11 together with a theoretical gravity wave which was matched to it for a best fit (by eye). Figure 12 shows a comparison between the theoretical and observed wind patterns. The calculated wind pattern is that associated with the gravity wave whose temperature perturbation is given in Figure 11 . A mean drift wind of 40 m sec'' has been included. The measured wind is obtained from the grenade sounding, so it represents a series of values in which the winds were averaged over layers (2-3 km thick.) between grenade explosions.
Figures 13 and 14 show the temperature perturbations derived from j the observed density structure by the subsequent pitot soundings at 0442 GMT ) i and 0752 GMT, respectively. The gravity wave structure is based upon the r original match of Figure 11 and allowed to propagate with time to correspond to 13 i ....
the times of the observational data. The best match was found to have a horizontal wavelength of 70 Icrn and a period of about 18 minutes. It is significant ;hat only the first theoretical curve was fitted to the observed data, and that the remaining matches followed from the computer. Unit, our data indicate that not only are the spatial density and wind structure measurements compatible with gravity wave theory, but also with the expected behavior with time.
THE PARABOLIC 'TRAJECTORY .EFFECT
For simplicity of discussion, we have considered a vertical, instantaneous slice through the atmosphere. In fact the actual sample is neither wholly vertical nor quite instantaneous. The latter approximation, however, is very good. The sampling time is one minute, representing only 59a of a wave period.
The deviation of the actual trajectory from vertical is a more serious matter. Figure 15 shows a typical pitot probe trajectory. Figure 10 compares a trajectory going into the wave, a trajectory following the wave, and an instantaneous vertical traverse. We see the expected Doppler phenomenon of shortened wavelength going into the wave, and lengthened wavelength when going with the wave.
The wave considered has a horizontal wavelength of 70 km and a period of 18.5 minutes. While the measurements are being made, the horizontal distance traversed.by the rocket is 12 ]cm, or 1/0 of a wavelength. Thus, it is the horizontal motion of the rocket rather than the finite sampling time which results in significant deviation from the original simplifying assumption.
Examination of the experimental curves shows that the wavelength decreases with altitude. Thus the rocket is going into the wave train. Since the launch direction from Pt. Barrow is duo east, we may conclude that the wave train is coming from an easterly direction. The same situation prevails at Ft, Churchill, Our results suggest that the waves in these instances travelled from East to West. The horizontal phase velocity is approximately 60 m sec -1.
CONCLUSIONS
Three series of soundings were carried out at high latitude sites during winter. The first series gave four essentially instantaneous vertical density traverses during a 13 hour period at Ft. Churchill. The density variations from the mean stratospheric conditions were matched by gravity waves having vertical wavelengths of 14-17 km. A reasonable fit to the data was obtained with a plane gravity wave ,i;a. acterized by a horizontal wavelength of 70 km and a period of 18 minutes. The wave amplitude increased with altitude, but at a rate much slower than the exponential growth predicted for undamped waves. Thus one must conclude that the waves were heavily damped as they propagated upward through the atmosphere. Our results are also generally consistent with the discussion of internal atmospheric gravity waves at ionospheric heights presented by mines (1960).
Thus the 12 km vertical wavelength which Iiines deduced from the meteor wind data of Neufeld (1955, 1959) is in reasonable agreement with our observations. Iiines considered 125 m see-' to be a typical horizontal phase speed and quoted the following experimental results. Munro (1958) found phase spaeds to generally be in the range of 52-175 m sec -1 , in agreement with both our deductions and Witt's (1962) noctilucent cloud observations. IIeisler (1958) found phase speeds to range between 97-207 m sec -1 . The phase speed agreement is remarkable considering that ionospheric heights range up to more than 100 km above the top of our observation regime. Our period is more than ten times shorter than the 200 minutes deduced by Mines (1960) from correlation studies of meteor wind trails. However, a careful reading of Hines' paper suggests that the 200 minutes is an upper limit to the periods rather than a most characteristic value.
The second series of soundings is also compatible with a gravity wave
Interpretation. Vertical wavelengths were consistent with the values obtained in the first series. There was also reasonable agreement between measured and predicted horizontal velocities.
The results of the third series confirmed the conclusions abcat vertical wavelength and amplitude of the first two series and the agreement of measured wind with gravity wave predictions. It was also pGlssible to trace one gravity wave pattern through three consecutive samples, indicating that our period is correct. 'There is, of course, the possibility of aliasing. however, the slow wave growth with altitude points toward the short wavelength, short period solution, as do Witt's observations at noctilucent cloud altitudes. 
